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Formation and steady-state maintenance of field reversed configuration
using rotating magnetic field current drive
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~Received 11 July 2001; accepted 15 October 2001!

Rotating magnetic fields~RMF! have been used to both form and maintain field reversed
configurations~FRC! in quasisteady state. These experiments differ from steady-state rotamaks in
that the FRCs are similar to those formed in theta-pinch devices, that is elongated and confined
inside a flux conserver. The RMF creates an FRC by driving an azimuthal current which reverses an
initial positive bias field. The FRC then expands radially, compressing the initial axial bias flux and
raising the plasma density, until a balance is reached between the RMF drive force and the electron–
ion friction. This generally results in a very high ratio of separatrix to flux conserver radius. The
achievable final conditions are compared with simple analytic models to estimate the effective
plasma resistivity. The RMF torque on the electrons is quickly transferred to the ions, but ion
spin-up is limited in these low density experiments, presumably by ion-neutral friction, and does not
influence the basic current drive process. However, the ion rotation can result in a rotatingn52
distortion if the separatrix radius is too far removed from the plasma tube wall. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1426102#
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I. INTRODUCTION

Field reversed configuration~FRC! formation and
steady-state maintenance with Rotating magnetic fie
~RMF! has been demonstrated in a series of rotamak exp
ments, but those facilities had no flux conserver and, if
RMF force was strong enough to overcome electron–
friction, the FRC simply expanded until it contacted t
plasma tube wall.1–3 This resulted in relatively cold plasma
~Te;10– 20 eV! with much of the plasma pressure su
ported by the wall. The plasmas formed in those devi
were also near spherical, and many of the one-dimensi
descriptions developed for elongated FRCs confined in
lindrical flux conservers are not applicable. A new devi
the Translation, Confinement, and Sustainment~TCS!
experiment,4 was constructed at the Redmond Plasma Ph
ics Laboratory~RPPL! to study the sustainment and flu
build-up of hot FRCs formed by the normal theta-pinch te
nique, and then translated and expanded into a chamber
RMF drive coils. However, this device has only been us
so far, to study the formation of FRCs using RMF alone. D
to the high power required to overcome initial radiation b
riers and form hot, high beta plasmas, large FRCs formed
RMF alone will generally be limited to low temperature
Thus, the TCS formed FRCs have electron temperature
the 20–60 eV range. This is similar to the temperature ra
of FRCs formed in the smaller Star Thrust Experime
~STX! device at RPPL, but those FRCs could not be s
tained for reasons that are not completely understood.5,6

When an RMF is applied to a preionized gas inside
flux conserver, with a given bias field, an azimuthal curr

a!Also at Los Alamos National Laboratory, MS-E526, Los Alamos, Ne
Mexico.
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will be generated if the force on the electrons exceeds
electron–ion friction. This condition has been represented
the literature as requiring that the magnetization param
g5vce /nei exceeds the penetration parameterl5r s /d.
Here vce5eBv /me is the electron cyclotron frequency i
the RMF fieldBv , andnei is the electron ion collision fre-
quency. r s is the plasma or separatrix radius andd
5(2h/m0v)1/2 is the normal penetration skin depth of a
RMF with frequencyv into a plasma column with resistivity
h5menei /nee

2. In this notationd would depend on the par
allel collision frequency or resistivity andg on (n in')1/2. It
is only the ratio ofg/l, that is important, so it is the cros
field resistivity or collisionality that governs the forc
balance.7 The plasma currents that can be driven will th
depend on both the cross-field resistivity and the elect
density since, for a specified resistivity~which is used in
modeling!, a lower electron density implies a lower coll
sionality, and thus better magnetization and force balanc

Simple analytic expressions have been derived for
force on the electrons exerted by the RMF.7 These are used
with the measured electron density and plasma curren
determine the effective cross-field resistivity. The final
tainable confinement field will then depend on the value
anomalous resistivity and the plasma temperature, inasm
as temperature and density are inversely related in a h
beta plasma such as the FRC. In the present experimen
;1019 m23 densities the plasma temperature is limited
ionization, convection, and radiation losses since there
pears to be a large neutral fraction, at least in the curr
carrying edge region. The inferred value of cross-field res
tivity is also high @higher even than the empirical scalin
given by the Large s Experiment~LSX!8#, which may be due
© 2002 American Institute of Physics
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to a low ion temperature and a high ratio of electron d
speed to ion thermal velocity, a relatively lower magne
field, or simply to the particular drive process encountered
these experiments. A large RMF torque is required to ov
come this high resistivity. The ions should rapidly spin-
close to the RMF frequency if they were not retarded
other means. This is not observed, with the ion rotatio
speed never becoming greater than 0.2v. It is assumed tha
the neutrals provide this breaking action as has been ca
lated by several authors.9,10

The simple analytic scaling, further refined using on
dimensional MHD codes,11 is outlined in Sec. II. TCS was
originally run at an RMF frequency of 180 kHz~v 5 106

rad/s!, and results from these experiments, along with a b
description of the experimental geometry, are given in S
III. The requirements to produce steady state operation
discussed there. It was found that the electron density
duced under those conditions, although low, was h
enough relative to the achievable confinement field, that
ratio of actual line current needed to reverse the external fi
to the line current that would be produced by full synch
nous rotation of the electrons was low. This ratio ofI rev8
52Be /m0 to I sync8 50.5̂ ne&evr s

2 is calledz,

z5
I rev8

I sync8
5

4Be

m0^ne&evr s
2

. ~1!

When z is low the current tends to be carried in a narro
region Dr near the separatrix. Assuming near synchron
electron rotation and a linear density profile in this regi
with maximum value nem, the line current would be
;0.5nemevr sDr . Since this current is one-half the total r
versal current, one can writeDr in terms ofz,

Dr 5
1

2

^ne&
nem

zr s5
1

2
^b&zr s , ~2!

where the latter equality holds if the temperature is unifor
It should be notedI rev8 is set by radial pressure equilibrium
The equilibrium driven line current cannot exceed this val
If the net RMF drive exceeded the net friction~expressed in
Ref. 7 in terms of torques!, the FRC would expand and rais
Be . @For an FRC confined in a flux conserver with fixed bi
flux pr c

2B0, whereB0 is the initial bias field andr c is the
flux conserver radius, the external field is set byBe

5B0 /(12xs
2) with xs[r s /r c .# I rev8 will increase due to this

increase in confinement field, butI sync8 will also tend to in-
crease as the plasma is compressed to a higher density
any change inz will be dependent on how the temperatu
changes. It is assumed in the simple analytical models
the FRC length can adjust arbitrarily to changes in radius
plasma density, but this will, of course, actually depend
plasma fueling and loss rates, and energy supply and lo

Low z and lowDr /r s is undesirable since it increases t
effective circuit resistance,;2pr sh' /Dr , and makes the
drive process less efficient. The RMF frequencyv was thus
lowered to 0.53106 rad/s to try and increasez. As expected,
this has significantly increasedz at a given density and al
lowed for operating at higher densities at similarz. The
higher electron density appeared to limit the neutral pene
Downloaded 24 Jun 2003 to 128.165.156.80. Redistribution subject to A
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tion, and the ion spin-up frequency was higher than for
higher v experiments, despite the lower drive frequen
This usually resulted in development of the standardn52
rotational instability which, while not always disrupting th
FRC, made data interpretation more difficult. Most data w
thus taken with the FRC separatrix close to the plasma t
wall, which suppressed then52 distortion. These results ar
given in Sec. IV. Finally, a discussion of the implications
these results is given in Sec. V.

II. ANALYTIC SCALING

The analytic scaling used in analysis of the data p
sented in this paper is based on the model developed in
7. The RMF can penetrate into a plasma column if the dr
force is sufficient to spin the electrons up to near synch
nous rotationv r such thatÃ5v2v r is small. Then the
effective penetration depth increases tod* 5(2h/m0Ã)1/2.
Simple penetration analysis of fixed density~no pressure ad-
justment! plasma columns showed that theg.l condition
was equivalent to havingd* .r s .12 Numerical calculations
showed this process to be very nonlinear, with very lit
current being driven untilg equaledl, and then full synchro-
nous current driven wheng exceededl.13,14

The process is very different for a true FRC inside a fl
conserver. Once the driven current is high enough to reve
the external field, the FRC will expand radially, increasi
the density, and will reach an equilibrium condition whe
the drive and friction forces are in balance. The RMF w
not penetrate beyond the FRC field null under this scena
The RMF drive force is equal to^ j zBr& where j z

;(Ã/v)Ez /h i is the axial current driven by the oscillatin
axial electric fieldEz5vrBr produced by the RMF, reduce
by the j uBr Hall term, andBr is the radial component of the
RMF. Analytical solutions forj z , Br , andBu ~which can be
used to calculate an inward radial force! in the limit of partial
penetration, were given in Ref. 7,

j z5H expS 2 i Fp4 1
a2r

d* G D J 2A2a

r

Bv

m0d*
e2[(a2r )/d* ] ,

~3!

Br5H expS 2 i Fp4 1
a2r

d* G D JA2a

r

d* Bv

r
e2[(a2r )/d* ] ,

~4!

Bu5H expS 2 i Fp2 1
a2r

d* G D J 2Aa

r
Bve2[(a2r )/d* ] . ~5!

The plasma column radius wasa, which is approximately
equal tor s . The bracketed terms give the phase of the os
lating quantities relative to whatj z and Br would be in
vacuum. When equilibrium force balance is reached the e
tron slip will adjust so thatd* 'Dr , just the penetration dis
tance needed to carry the equilibrium line current. The a
muthal current for the inner field lines is driven by inwa
diffusion, and the analytic models assume an overall inw
velocity throughout the FRC. The RMF on the outer fie
lines must be strong enough to both drive current there,
also produce the inward flow necessary to drive the in
field line current. Either a source of particles near the se
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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187Phys. Plasmas, Vol. 9, No. 1, January 2002 Formation and steady-state maintenance . . .
ratrix, or a net circulation from inner to outer field line
driven by pressure differences along the same flux surfa
is thus an implied assumption of the simple models, an
most likely required for steady-state operation. The la
process is utilized in the numerical MHD calculations.11

Using the above equations the azimuthal current dr
force is seen to be

FMu5^ j zBr&5
2Bv

2

m0a S a

r D 2

e2[2(a2r )/d* ] . ~6!

At the plasma edge this is seen to be independent of pen
tion distance since greater penetration increases bothEz and
Br , but reduces the slippage and the (Ã/v) term governing
j z . For steady-state current drive, the total torque applied
the RMF,TM5*0

a2pr 2FMu dr, must be balanced by the re
sistive torque,Th5*a2d*

a 2pr 3menen'v r dr wheren' now
represents the effective cross-field electron–ion collision
quency. This results in the following basic relationship:

g/l'1/A2 ~7!

when the ratio is written in terms of the peak density, assu
ing a;r s , v r;v, andd* !a. This approximate result ca
be seen using Eqs.~31! and~32! of Ref. 7, recognizing thatg
in that paper is based on the average density in the cur
sheet,;0.5nem, makingg twice as large as the value use
here. There are many three-dimensional effects that m
this relationship only an approximate one, but it is nevert
less useful for scaling. It will be used in evaluating effecti
values ofh' in the experiments.

The RMF also produces an inward forceFMr5^ j zBu&.
This can be integrated from the plasma center to edge, yi
ing the approximate result

pRMF5
Bv

2

m0
e2[2(a2r )/d* ] . ~8!

It can be seen from Eq.~5! that Bu at the plasma edge i
twice Bv ~due to the axial shielding currents in the plasm!,
but the effective pressure contribution is only one-h
(2Bv)2/2m0 due to the oscillating nature ofBu . Equation
~8!, or pRMF based on the measuredBu(r ), will be used in
the radial pressure balance relationship

p~r !1
Bz

2~r !

2m0
1pRMF5

Be
212Bv

2

2m0
~9!

to determine the internal pressure profiles from measu
values ofBz(r ) andBu(r ).

Numerical values of the equations to be used in evalu
ing experiments are listed below. The units forD'

5h' /m0 are m2/s and fornem are 1020 m23. In addition,v
is in 106 rad/s, andr s in m. The simple analytic relationshi
used for evaluating the ability to form a given FRC is o
tained by settingg/l51/A2. In numeric units,

g

l
5

0.007Bv~G!

nem~D'vr s
2!1/2

5
1

A2
. ~10!

This may be used to evaluate effective cross field resis
ties, i.e.,
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~Bv~G!/100!2

nem
2 ~vr s

2!
. ~11!

It will be seen that this value differs by less than a factor
2 from that inferred by measured power absorption. Ba
on the analytic formula, for a given resistivity the peak de
sity will thus scale as

nem~1020 m23!50.01Bv~G!/~D'vr s
2!1/2. ~12!

The resultant external field will depend on the degree
RMF penetration

Be~T!510S Dr

r s
Dnem~vr s

2!. ~13!

Using Eqs.~2! and ~12!, this can be expressed as

Be~T!5
~vr s

2!1/2Bv~G!^b&z

20D'
1/2

. ~14!

For a given resistivity and~vr s
2!, both the density and

the final external field are predicted to scale linearly w
RMF strengthBv . For the magnetic field, this assumes th
the drive efficiency parameter (Dr /r s) or z remains constant
This is somewhat misleading, because if the plasma temp
ture could be increased, the density would decrease, an
would be possible to increase the RMF frequencyv while
maintaining the samez. In the actual experiments, whenv
was decreased to increasez, there was only a marginal in
crease inBe . This is not surprising given the weak depe
dence onv implied by Eq.~14! and a somewhat higher den
sity obtained at smallerv. It was mainly possible to reach
higher values of external field due to the lowered circ
impedance and resultant ability to produce higher values
Bv . However, for a given value ofBv , the lowerv opera-
tion with resultant largerz and thicker current carrying re
gion, did result in significant drops in power absorption.

III. INITIAL OPERATION AT vÄ106 rad Õs

A. TCS description and operation

RMF current drive has been applied to the TCS devi
producing nearly steady state FRCs with configuration li
times over several milliseconds, limited only by the appli
RMF duration. The TCS facility is described elsewhere,4 but
a vertical cross section of the RMF current drive chambe
shown schematically in Fig. 1. There are two pairs of RM
antennas, situated at a radius of 54 cm, outside the qu
vacuum vessel and the axial confinement coils. The vert
and horizontal fields produced by the antennas oscillate
out of phase, generating a uniform RMF inside the 80
diameter quartz chamber as sketched on Fig. 2. The con
ment coils consists of 20 56-turn coils with an effective fl
confinement radius ofr c547 cm. These coils act as a flu
shaper because individual sets of 14 and 6~three at each end!
coils are each fed in parallel, and also as a flux conse
because the external capacitor bank supply inductance is
The coils under the RMF antennas are employed to prod
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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the main bias field, while the coils located at the ends can
powered separately to allow for FRC shaping control. T
ends of the TCS chamber consist of stainless steel lined c
cal sections to link to 27 cm input and exit sections. Mirr
coils provide additional axial confinement.

The initial RMF experiments were conducted in TC
with the RMF operated atv5106 rad/s. The RMF was ap
plied to a preionized deuterium gas in a uniform bias field
form FRCs and, subsequently, maintain the configurat
The FRCs obtained during this campaign had relatively l
electron densities, i.e.,ne;1019 m23, with temperatures be
low 60 eV, as derived from radial pressure balance. Figur
shows the time evolution of such an FRC produced by
RMF. Be is the external axial magnetic field at the midplan
measured by normal magnetic pick-up loops mounted on
quartz vacuum vessel beneath the axial confinement c
Bint is the internal axial field atr511 cm, inside the field
null, obtained from an internal magnetic probe. The pe
density, nem, is determined from the measurements of
double pass CO2 interferometer allowing for profile effects

FIG. 1. Side view of the TCS RMF current drive chamber. Positions of
different bias coils and the RMF antennas are indicated.

FIG. 2. RMF field uniformity inside the TCS chamber with a field angle
45 degrees fromX axis. The magnitudes of the field strength, as indicated
the contour levels in the unit of G, are calculated with a circulating curr
of 69 kA in the horizontal and vertical antennas, which corresponds
610 kV pulsar voltage at an RMF drive frequencyv51.03106 rad/s. Lo-
cations of the horizontal field antennas are also indicated.
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i.e., nem5*ne dl/4^b&r Df . ^b&5120.5xs
2 is calculated

from the standard, flux confined, elongated FRC relations
for this and other discharges even though this may not ap
exactly for the antimirror or mirror end conditions as di
cussed in Secs. III C and IV A. However, there is insufficie
data in the end region to apply a more accurate analys15

and the principal results of this paper will only be margina
affected by small changes in the assumed^b&. The total
temperature at the field null,Ttot5Te1Ti , is inferred from
pressure balance taking into account the contribution fr
the RMF radial confining force,Ttot5(Be

212Bv
2 )/2m0nem,

as obtained from Eq.~9!. The excluded flux radius,r Df , is
calculated from the measured excluded flux,Df, and exter-
nal magnetic field,r Df5(Df/pBe)

1/2. For a standard FRC
this should be approximately equal to the separatrix rad
r s . Bv is the vacuum RMF obtained from the measured z
to peak antenna currentBv(G)56.4I ant(kA).

The discharge shown in Fig. 3 was initiated with a
RMF of Bv550 G and a bias field ofB0560 G. Azimuthal
current was driven and the internal field was rapidly
versed, forming an FRC. The plasma rapidly expanded r
ally, compressing and heating the plasma to over 100 eV
raising the external field to about 150 G. For these highv
shots either the ionization rate was relatively slow, or t
plasma accumulation rate was high, so that the density c
tinued to increase. This resulted in a decrease in tempera
and external field. The decrease inBe is assumed due to
increased electron ion friction in theg/l relationship, which
is reflected in a lower value ofz in Eq. ~14!. A quasisteady
equilibrium is established withBe;120 G by 300ms, with
further decay due mainly to decay in the RMF~supplied by a
capacitor bank!.

During equilibrium the separatrix had a radius of abo

e

y
t
a

FIG. 3. Example of a steady state FRC produced by the RMF alone av
5106 rad/s. The time traces represent the plasma behavior at the axial
plane. The plottedBv is actually the vertical antenna current multiplied b
6.4 G/kA.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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36 cm, which is 4 cm inside the vessel wall, and anxs value
of 0.77. The plasma density at the field nullnem was 0.9
31019 m23, and the total temperature,Ttot , was about 55
eV. It is to be noted that Doppler broadening measureme
have shown that ions are cold for the low density RM
formed FRCs.16 Thus the value of temperature inferred fro
radial pressure balance can be largely ascribed to the ele
temperature.

The amount of RMF penetration is related to t
achieved external field and the plasma density through
~1!. For the shot shown in Fig. 3,Dr is only about 4 cm,
which is consistent with internal field profile measuremen
The effective diffusivity can be estimated from Eq.~11! to be
135 m2/s, which is nearly 20 times the classical value. Mo
results on the inferred anomalous diffusivity for the stea
state discharges atv5106 rad/s are given in Sec. IV A wher
comparisons are made with the reducedv discharges.

One critical issue with RMF current drive is ion spin-u
in the RMF direction due to collisions with electrons, th
reducing the RMF current drive efficiency. An ICCD~inten-
sified charge coupled device! camera has been employed
routinely determine Doppler shifts of low charge state imp
rity ions, viewing the plasma midplane on a number of lin
of sight with different impact parameters.16 It has been found
that the ions rotate in the same direction as the RMF,
expected. However, the ions are spun up to a frequenc
only about 6 kHz, much smaller than the RMF drive fr
quency of 180 kHz, most likely due to retarding collisio
with neutrals that are present in the FRCs. This is addres
in Sec. IV F, along with comparisons with the results fro
the reducedv campaign.

B. Role of main bias

For an FRC formed by the RMF and confined in a fl
conserver, the final equilibrium is also dependent on the
tial bias field due to the flux conservation relationshipB0r c

2

5Be(r c
22r s

2). In order to investigate the effect of the initia
bias field, we have carried out a series of dedicated exp
ments with the RMF operated at the same pulsar voltage~14
kV! but the bias field varied between 20 and 90 G. Figur
shows the time evolution of three comparable dischar
started with different bias fields. As can be seen, in the lo
est bias case, the excluded flux radius,r Df , is outside the
quartz vessel wall, which limits the FRC radial expansio
The external field,Be , is thus relatively low. The applied
bias field is sufficiently raised in pulse 2412 so that the F
never reaches the wall and the external field reaches a m
mal value. As the bias field is further increased~pulse 2401!,
the current drive is insufficient to produce an equal mag
tude internal field and the excluded flux radius is small. T
line averaged electron density,^ne&, however, is comparable
to the other two discharges.

More results are shown in Fig. 5 where the external a
internal fields, and the excluded flux radius are plot
against the initial bias.r Df is assumed to accurately repr
sent the separatrix radiusr s . While the internal field remains
reversedxs and^b&5120.5xs

2 are also shown. The data a
taken from a series of similar discharges including the pu
Downloaded 24 Jun 2003 to 128.165.156.80. Redistribution subject to A
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shown in Fig. 4 and are averaged over the time wind
between 400 and 800ms ~as highlighted in Fig. 4!. For op-
timal results the bias field strength should be chosen in
cordance with the RMF drive strength to allow for the FR
to expand close to, but not beyond the plasma tube wall

C. Influence of end fields

As in conventional field reversed theta pinch~FRTP!
formed FRCs, RMF formed FRCs also exhibit rotational

FIG. 4. Time traces of midplane quantities for three comparable discha
with different initial bias fields. The data shown are the external axial fi
Be , the internal axial fieldBint at r 52 cm, the excluded flux radiusr Df ,
and the line averaged density^ne& obtained from a double pass CO2 inter-
ferometer across the diameter in the center of TCS.

FIG. 5. Dependence on the bias field of~a! external axial fieldBe , ~b!
internal axial fieldBint , ~c! excluded flux radiusr Df , ~d! xs , and^b&.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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stabilities, which have proven to be very sensitive to
applied bias fields. To obtain the oscillation-free steady s
FRCs shown earlier, we have had to limit the bias fie
strength at the ends to lower than the main bias field stren
in the region under the RMF antennas. To illustrate this, F
6 shows time traces for three discharges with the same m
bias field but different end fields. For all thev5106 rad/s
discharges the mirror coils shown in Fig. 1 were not used
that the FRC could extend to the end cones when the
coils produced less flux than the main bias coils. It can
seen that for the lowest end bias case~pulse 2439!, the inter-
nal magnetic field is fully reversed by the RMF and t
configuration is maintained in steady state until terminat
of the applied RMF at 1000ms. When the end field is raise
to near the main bias field level~pulse 2231!, rotational in-
stabilities develop~as indicated by the oscillations on th
implied density and edge bremsstrahlung measureme!
early in the discharge and remain until the end of the d
charge, but the configuration is maintained. The modes
aggravated in pulse 2230, as the end bias field is fur
increased, accompanied by the loss of the reversed inner
~Bint! at 700ms. The instabilities manifest themselves pr
dominately asn51 off-center rotation, accompanied by th
n52 mode, as identified by edge tomography and an arra
external magnetic probes. The modes rotate in the RMF
rection at a frequency around 10 kHz, much slower than
RMF rotational speed, but about equal to the measured
rotation rates.

It is not evident that the rotational instabilities are e
tirely responsible for the loss of the configuration in t
strong end field case~pulse 2230!. As can be seen from th
time traces for the density and edge bremsstrahlung mea

FIG. 6. Comparison of three discharges with successively increased
fields. The data shown are the field measured at the end of the TCS
finement chamber~Bend!, the external~Be! and internal~Bint! magnetic
fields, the line averaged density,^ne&, as well as traces from edge tomogr
phy at the axial midplane.
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ments shown in Fig. 6, the modes are present at the v
beginning of the discharge, and do not show obvious gro
before the loss of the field reversal. To the contrary, the e
radiation exhibits strong oscillations when the inner rever
field is lost.

Another reason for the loss of flux reversal might
related to an inability to sustain a required inward rad
flow, as described in Sec. II. When the end bias field is s
ficiently low, FRCs extend beyond the RMF antennas~pulse
2439!, forming a barbell-like configuration with some wa
contact, as indicated by Fig. 7. This might facilitate the ne
essary separatrix particle inflow near the separatrix, eit
through an enhanced neutral background or a swirling fl
around the FRC ends from the inner field lines to the ou
region. In contrast, increasing the end fields compresses
FRC axially towards the region under the RMF antenn
perhaps restricting circulation of particles.

Too low end fields tend to cause axial asymmetry, le
ing to wall contact at the ends. Operation at the redu
RMF frequency~v 5 0.53106! appears to be less sensitiv
to the end field strength, hence a strong end bias can
applied for additional axial confinement, as will be furth
discussed in Sec. IV A.

D. Edge magnetic field oscillations

The internal magnetic field time history for shot 243
~low end fields! is shown on Fig. 8. It is rather striking tha
there are strong oscillations near the edge even though
FRC is otherwise free of global rotational modes. Numeri
simulations using a 2D RMF code11 suggest that this migh
be attributed to a low value ofz equal to only 0.24. With low
z, the RMF can only penetrate into a thin edge layer wh
tends to lead to unsteady current drive. This is illustrated

nd
n-FIG. 7. Excluded flux radius as a function of axial position for the d
charges shown in Fig. 6 at 400 and 800ms, respectively.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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the MHD calculation on Fig. 9 where profiles of the axi
magnetic field,Bz , along with the corresponding RMF fiel
lines are shown for a case withz50.28.~a! Initially the RMF
easily penetrates enough to reverse the initial bias field.~b!
As further current and flux are produced the plasma expa
increasing the external field and the density until there
insufficient RMF drive near the field null to sustain synchr
nous rotation there.~c! The inner RMF then tears and th
process can repeat itself.

In order to improve the RMF current drive efficiency, w
have carried out an experimental campaign with the R
operated at one-half of the original frequency, i.e.,v50.5
3106 rad/s in order to increasez. The results from the re
ducedv experiments are presented in the next section

FIG. 8. ~Color! Axial magnetic fields as a function of radius and time f
pulse 2439, showing strong oscillations at the FRC edge. Also shown
time trace of the magnetic field atr 5 26 cm ~near the field null!.

FIG. 9. Simulation profiles of the axial magnetic field,Bz , along with the
corresponding RMF field lines, for three different times to illustrate unsta
RMF current drive at lowz.
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detailed comparisons are also made with the highv experi-
ments.

IV. RESULTS AT REDUCED RMF FREQUENCY: vÄ0.5
Ã106 rad Õs

A. Direct consequence of reduced v

Figure 10 compares the discharges obtained with
RMF operated atv5106 and 0.53106 rad/s. Pulse 2368 a
v5106 and pulse 3197 atv50.53106 have the same RMF
field strength, as indicated by the antenna current,I ant, and
the same initial bias field. As can be seen, the reducev
discharge shows an increase of;30% in the FRC peak den
sity compared to the higherv discharge, as predicted by th
steady state RMF current drive requirement@Eq. ~12!# as-
suming a similar cross-field diffusivity,D' , for this pair of
discharges. The external magnetic field is also increa
suggesting more efficient RMF current drive, as expected
higherz. The total temperature, determined from radial pr
sure balance is similar for the two discharges. The differe
in start-up behaviors is due to differences in particle inflo
or ionization rates. At the higher RMF frequency ionizatio
occurs less rapidly, allowing transiently higher temperatur
lower densities for a given external field and reduced el
tron ion friction even assuming constanth' .

Reducing the RMF frequency reduces the impeda
~vL! of the antenna tank circuit, which allows for a high
antenna current, at a given pulsar voltage. This, in turn, le
to a higher external magnetic field that can be sustained
the RMF and an increase in the electron density, as expe

a

e

FIG. 10. ~Color! Comparison of the discharges with RMF operated atv
5 106 and 0.53106 rad/s to illustrate the effect ofv at similar RMF field
strengths, and the consequence from the increase in the antenna curr
similar RMF pulsar voltages. Time traces shown are for three pulses:~1!
pulse 2368 at 106 rad/s, 14 kV;~2! pulse 3395 at 0.53106 rad/s, 14 kV;~3!
pulse 3197 at 0.53106 rad/s, but at 8 kV to match the RMF field strength
2368.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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@see Eqs.~12! and~13!#. To illustrate this, in Fig. 10 are als
shown the time traces for another reducedv discharge, pulse
3395, which was operated at the same pulsar voltage a
high frequency counterpart~pulse 2368!. It can be seen tha
the RMF antenna current is doubled, consistent with
changes in antenna impedance. This, along with the redu
v, results in a significant increase in the density and
external magnetic field, although only a modest increas
plasma temperature.

One unexpected result from the reducedv campaign is
that the FRCs appear to be less sensitive to the end
configuration. Figure 11 shows the excluded flux radius a
function of the axial position for the above three discharg
In both reducedv ~3197 and 3395! discharges, strong en
fields have been applied, using both the end coils and mi
coils of Fig. 1, to ensure the axial symmetry of the FRCs.
contrast to the highv ~2368! discharge which has a lowe
end bias and no mirror fields to allow the FRC to exte
axially beyond the RMF antennas, in both the reducedv
discharges the FRCs appear to be restricted axially prima
to the region under the RMF antennas. Thus, it might
difficult to establish a swirling flow around the FRC ends
sustain the inward velocity required to reverse the axial fie
inside the field null. Yet, a fully reversed configuration
obtained and maintained during the entire RMF phase. S
an inward flow is therefore most likely sustained by the
calized ionization of neutrals in the region near the field n
as mentioned in Ref. 4. High plasma densities in the redu
v discharges limit the neutrals to the edge region where
strong RMF drive occurs. In the highv discharges, plasma
densities are low, so that neutrals have large mean free p
and are present over the entire volume of the plasma. In
case, the particle source at the edge may not be sufficie

FIG. 11. Axial excluded flux profiles at different times for the three d
charges shown in Fig. 10. The axial location of the RMF antennas is
indicated.
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provide the required inward flow, and a swirling flow at th
FRC ends would be necessary to sustain RMF current d
in steady state.

B. RMF current drive efficiency and diffusivity scaling

The toroidal current driven by the RMF is dependent
both the degree of RMF penetration~z! and the cross-field
resistivity ~D'! for a given RMF frequency and a given fiel
strength. The resultant external field is given in Eq.~14!.
Figure 12 plotsz derived from Eq.~1! against~a! plasma
peak density and~b! temperature derived from radial pre
sure balance. These results were obtained from varyingBv ,
and to some degree by changing the puff fill conditions. T
data are obtained from the steady state phase of the
charges with the RMF operated at both 106 and 0.53106

rad/s. It is evident thatz increases at lowerv for a given
density, but the primary effect of halvingv was to double the
density and maintain a similarz. An obvious way to increase
z and the RMF current drive efficiency would be to raise t
plasma temperature. This will be done in future experime
with translated the pinch formed FRCs.

Figure 13 plotsBe , which can be sustained by the RM
as a function ofBv . A result from STX5,6 is also shown for
comparison. As can be seen,Be shows a nearly linear depen
dence on the RMF field, independent ofv. This is to be
expected from torque balance considerations since the R
force @Eq. ~6!# does not depend onv. The RMF penetration
depth will adjust as needed to carry the FRC current. S
operated at the samevr s

2 as TCS,v52.23106 rad/s and
r s520 cm, but better vacuum conditions led to relative

o

FIG. 12. z versus~a! plasma peak density and~b! peak temperature derived
from radial pressure balance.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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higher temperatures, lower densities~as in the transient con
dition shown on Fig. 3!, and thus higherz, yielding better
scaled performance. To further improve performance, a
given RMF field, it is essential to both increase the plas
temperature and reduce the anomalous diffusivity.

For steady state FRCs, the effective diffusivity can
derived from the approximateg/l relationship of Eq.~11!.
Figure 14~a! shows the derived diffusivities for the stead
state discharges withv5106 and 0.53106 rad/s. The predic-
tion from conventional high density~LSX! FRC scaling,

FIG. 13. Be versusBv for the discharges obtained with RMF operated
v5106 and 0.53106 rad/s. The data were obtained in the steady state ph
around 500ms and are averaged over a time window of 200ms. An STX
example, although not in steady state, is also included.

FIG. 14. Cross field diffusivity based on Eq.~11! ~a! versusnem ; ~b! versus
DBohm @DBohm5625Te(eV)/B(G)# for different v cases. Conventional high
density FRC scaling~LSX! and data from the translated FRCs obtain
previously in TCS are also shown~square symbol!.
Downloaded 24 Jun 2003 to 128.165.156.80. Redistribution subject to A
a
a

e

D''11.2xs
21/2r s

20.14nem
21/2, is also shown.8 Not only is the

inferred resistivity higher, at least for low densities, than t
LSX scaling, but a simpleD';1/An relationship does no
appear to hold. A better result is obtained whenD' is plotted
versus the Bohm value, as shown in Fig. 14~b!. It is to be
noted that the diffusivity obtained for previous hot, translat
FRCs4 was nearly a factor of 10 lower than the data fro
present RMF formed FRCs, and even fell well below t
high density LSX scaling. This suggests that the higher d
fusivity seen in the present RMF formed FRCs, compared
the conventional FRCs, may be due to a lack of hot ions
perhaps to the present operation with relatively largeBv /Bz

values. We are planning to apply RMF current drive at lo
values ofBv /Bz to the translated hot FRCs to investiga
this.

C. Internal profiles

As expected, reducing the RMF frequency facilitat
RMF current drive and reduces the edge magnetic osc
tions, thus permitting us to carry out detailed measureme
of the internal magnetic fields of the FRC. To illustrate th
Fig. 15 shows the time traces of the edge magnetic fie
outside the field null, along with the inner field atr52 cm,
for a typical steady state discharge produced by the RMF
v50.53106 rad/s. In addition, Fig. 15 shows the exclude
flux radius and the line averaged density. The oscillations
the edge magnetic fields are significantly reduced, compa
to the FRCs obtained during the highv campaign~Fig. 8!.
Detailed radial and axial profiles of bothBz and the RMFBu

for such FRCs have been obtained from two moveable m
netic probes situated at the midplane and the end of T
The probes consist of a series of magnetic pick-up lo
inside a 2 mmdiameter beryllia~BeO! tube. There was no
difference in overall FRC parameters with and without th
small internal probe.

Figure 16~a! shows the radial profiles of measuredBz

and Bu , along with the calculated RMF fields~Bu and Br!
based on Eqs.~4! and~5!. The parametera is taken as 0.9r s

and d* 54 cm in the analytic expressions. The radial loc
tion of the axial field null~R529 cm!, the separatrix radius
~r s539 cm!, as well as the radial position of the vacuu
vessel, are also shown. The data are obtained and aver
between 600 and 700ms during the steady state phase of
series of identical discharges. For these experiments the m
sured antenna current would produce aBv value of 60 G in
vacuum, and this value is nearly doubled at the plasma e
~Bu'2Bv!, due to axial screening currents, in accordan
with Eq. ~5!.

TheBu measurements show that the RMF just penetra
to the field null, about 10 cm inside the separatrix~r s!. This
is a natural consequence of steady state RMF current driv
FRCs in flux conservers, as described in Sec. II. It can
seen that current is also maintained on the inner field lin
Since theu component of the generalized Ohm’s law can
written as

Eu5h' j u1urBz1^ j zBr&/ne, ~15!

se
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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and in steady stateEu must be equal to zero everywhere, t
azimuthal current can only be maintained by an inward
locity, i.e.,

j u5urBz /h' . ~16!

In this expression,Bz is also negative for the inner field lines
Actually, ur represents an inward electron velocity and it
not necessary that the ions follow. A swirling flow from th
inner field lines to the outer field lines can maintain parti
or current continuity. A swirling current would produce som
toroidal field, but we have not yet attempted to measure t
Swirling particle flow might lead to a significant loss of pa
ticles at the ends near theX-point where fields are small an
ion gyroradii are larger. In that case, lost particles must
balanced by ionization of recycling or background neutr
in the region outside the field null. The consequence of
for energy losses is discussed in Sec. IV E.

Figure 16~b! shows the FRC current profile derived fro
a ninth-order polynomial fit to theBz profile data. The FRC
is about 2 m long and the total toroidal current driven by th
RMF is about 50 kA in this particular operating condition. A
can be seen, the profile peaks near the edge and requires
RMF current drive near the field null. This is a unique fe
ture of RMF driven FRCs.5,6 As a result, the poloidal flux
fp5*R

r sBz2pr dr , is reduced compared to that for conve
tional FRCs produced by the field reversed theta pin
~FRTP! method. For example,fp calculated from theBz(r )
profile shown in Fig. 16~a! is about 1.6 mWb, which corre
sponds to the value given byfp5(xs

2/A2)11«pR2Be with
«'0.8, approaching the Lowest Flux Sharp Bounda

FIG. 15. ~Color! Time traces of the magnetic field external to the vacu
vessel and at various internal radii measured at the axial midplane.
shown are the excluded flux radius,r Df , and the plasma line average
density, ^ne&, for a steady state FRC produced by the RMF withv50.5
3106 rad/s,Bv 5 60 G.
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~LFSB! solution,17 while a typical rigid rotor profile would
yield a poloidal flux:fp50.62xspR2Be'2 mWb.

It is interesting to note that the magnitude of axial fie
strength at the center is higher than the strength of the ex
nal magnetic field, which is measured just outside the qu
vacuum vessel wall. This is simply a consequence of Eq.~9!
wherepRMF50 on the inner field lines. ForBv560 G, Be

5160 G, the internal field would be about 175 G ifp(0)
50.

Using the analytic expression forpRMF in Eq. ~8!, the
radial pressure can be calculated from the measured va
of Bz(r ) using Eq.~9!. The results are shown in Fig. 16~c!.
In particular, the contributionBv

2 /m02pRMF from the RMF
confining force, i.e.,̂ j zBu&, is also shown. As discussed ea
lier, in the presence of a flux conserver, only partial pene
tion of the RMF ~up to the field null! will occur. This in-
creasesBu above the vacuum value, and can contribu
significantly to the plasma pressure, and thus confineme

From the pressure profile shown in Fig. 16~c!, we can
calculate the average b of the FRC: ^b&
5(2*0

r spr dr/r s
2)/((Be

212Bv
2 )/2m0)'0.69, which is close

to the value derived from the axial force balance betwe
field line tension and plasma pressure^b&5120.5xs

2

50.66.18 It may be noted that, althoughBv is only about
one-third of the final external axial field,Be , the RMF azi-

so

FIG. 16. ~Color! Radial profiles of steady state FRCs produced by RMF:~a!
measured axial magnetic fieldBz and RMF fieldBu , as well as analytic
calculations ofBu andBr ; ~b! toroidal currentj u derived from a ninth order
polynomial fit to theBz data; ~c! plasma pressure obtained from radi
pressure balance taking into account RMF contribution. The contribu
from the RMF,Bv

2 /m02pRMF , is also shown.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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muthal fieldBu(r ) is actually larger thanBz(r ) over much of
the outer flux surfaces. However, as can be seen from
curve for Br(r ) on Fig. 16~a!, the radial field, which deter
mines thê j zBr& current drive, is very small. A large value o
Bu /Bz , though beneficial to radial confinement, should th
not be necessary for RMF flux sustainment. Since one wo
about RMF current drive is that it opens up field lines, ev
if only in a fluctuating manner, it is encouraging that t
value of Br is only a small fraction of the generated axi
field Bz .

The pressure as a function of the poloidal flux is sho
in Fig. 17. As can be seen, the pressure on the inner
surfaces is higher than that on the corresponding outer
surfaces. This cannot be due to local heating since R
power is predominately deposited in the edge layer outs
the field null. This higher pressure on the inner field lines
consistent with numerical models of inwardly driven flo
with the pressure difference along flux surfaces resulting
an assumed swirling flow.11

An attempt has been made to reproduce the experime
results with a 2D RMF current drive code developed
Milroy.11 Figure 18 shows the computed radial profiles of t
axial field,Bz(r ), the RMF field,Bu(r ), as well as the radia
flow, ur(r ), driven by the RMF. The key input paramete
used in the computation are as follows: RMFv50.553106

rad/s, Bv560 G; and an anomalous resistivityh'

5100 mV m.
The code has reproduced the following key features

served in the experiments:~1! the RMF can produce steady
state current drive even though barely reaching the field n
~2! the Bz(r ) profile exhibits a distinctive flat region aroun
the field null where little current drive is necessary, or ava
able. In addition, the code predicts a steady inward flow
about 4 km/s across the field null, which is allowed for
stipulating a rate of swirling flow, driven by high pressur
on the inner field lines. However, the computed magne
field profiles appear to be much steeper in the regions
inside and outside the field null, compared to the experim
tal data shown in Fig. 16. One possible explanation is t
the anomalous radial transport is stronger around the fi
null where the axial field strength is small, as would be i

FIG. 17. Plasma pressure versus poloidal flux, including contribution fr
RMF radial confining forcê j uBz&.
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plied by Bohm transport~discussed in Sec. IV B!. Some 3D
effects due to limited RMF antennae length, particle re
cling at the ends, etc., might also be responsible. Deta
comparison with experimental data using various model
sumptions is a subject for future publication.

Figure 19 shows the on-axis~r50! axial magnetic fields
as a function of the distance from the midplane, measured
an internal magnetic probe inserted from the end of the T
chamber~Fig. 1!, together with the vacuum bias fields. In th
figure are also shown the external magnetic fields meas
by two external magnetic loops located at the midplane
the end region, outside the quartz vacuum vessel wall.
can see that the separatrix locationzs is well defined~central
axial field Bz changes sign!, and is away from the end cone
as indicated in the figure.

FIG. 18. Results from a 2D RMF current drive code:~a! axial magnetic field
Bz and RMFBu ; ~b! radially inward flow,ur , predicted by the code.

FIG. 19. Axial profile of the axial magnetic fields atr50 ~solid squares!,
and the external fields at two positions~solid circles!, for a series of repeat-
able discharges. The initial axial bias field profile prior to the onset o
discharge~open circles! is also shown. The positions of the RMF anten
and the end cone are indicated.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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D. Dependence on phase shift between horizontal
and vertical RMF fields

To generate and sustain the toroidal current in the FR
the RMF must rotate in the electron diamagnetic directi
This requires that the phase of the horizontal oscillating m
netic field be delayed by 90° with respect of the vertic
magnetic field under the particular magnetic configurat
for our RMF experiments. The effect of the phase delay
tween the horizontal and the vertical fields is illustrated
Fig. 20 where data was taken during the steady state pha
a series of otherwise identical discharges with the phase
ied between 0 and 360 degrees. Best performance
achieved for a 90° phase separation, as expected, bu
peak is fairly broad making precise phase control unnec
sary. Some current is even produced for zero phase shi
recently demonstrated by Xuet al.19 but many nonsimple
effects could account for this. The power deposited to
plasma,Pabs, is also shown. There is little variation for th
phase between 0° and 180°, but the absorption is gre
reduced for the RMF rotation in the wrong direction, pr
sumably due to poor penetration. The derived energy c
finement time is also shown, and displays the same peak
a phase separation of 90°.

E. Energy losses and particle confinement

The energy confinement time can be simply defined
tE5Ep /(Pabs2dEp /dt). Measurements in previous, non
sustained, theta pinch formed FRCs involved some comp

FIG. 20. Effect of phase shift between horizontal and vertical oscillat
magnetic fields. The data shown are external~Be! and internal~Bint! mag-
netic fields, peak plasma density~nem! and total temperature~Ttot! derived
from radial pressure balance, energy confinement time@tE5Ep /(Pabs

2dEp /dt)], as well as the total input power~Pabs!, for a series of identical
discharges except that the phase was varied.
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sional input from the theta pinch coils, but were primar
dominated bydEp /dt. In the present casedEp /dt is small
and the calculation is dominated by the RMF input pow
This is difficult to ascertain since each of the two antenn
~vertical and horizontal! is feeding a nearly inductive load
One cannot simply measure the difference in capacitor b
supply voltage decay between a vacuum and plasma
since the presence of a plasma greatly changes the p
tube currents, and hence the tube losses. The techn
adopted was to carefully measure the antenna voltage
current traces and add a time delay so that they were exa
90° out of phase for a vacuum shot. The integral ofI antVant,
when averaged over many cycles, then gave precisely
power input to the plasma from each antenna. Since typ
antenna currents and voltages were;610 kA and610 kV, it
was important to determine the phases betweenI ant andVant

to within one-half a degree~17 ns for the 80 kHz frequency!
to obtain accuracies of under 1 MW. This was less than
time interval for our 10 MHz digitizers but, using smoothin
and the above-mentioned time shift techniques we gener
achieved errors, as measured by examining many vac
shots, of under 0.5 MW. More details can be found in R
20.

Measured absorbed power, for both thev5106 and v
50.53106 rad/s cases are shown on Fig. 21. The absor
power per unit length

Pabs8 5h'E 2pr j u
2 dr ~17!

should scale ash'Be
2/Dr or h'Be

2/z or h'vneBe . The ab-
sorbed power due to the axial screening currents will scal
the same manner, as 0.5h i(2Bv)2/Dr , and its contribution
will depend on the relative value ofh i andh' . ~Actually h i
may be a misnomer since the electric field is in thez direc-
tion, while the axial field lines become helical due to t
RMF Bu .! The analytic scaling results do not depend on
ratio of h i /h' , but if it is not small, then axial curren
dissipation could add to the absorbed power. Since bothne

and Be are both observed to scale approximately linea
with Bv , the observed linear scaling ofPabswith ne implies
that h' sales inversely withne , in agreement with the scal
ing data shown in Fig. 14. The reason the absorbed powe

g

FIG. 21. RMF absorbed powerPabsdeposited to the plasma as a function
the line averaged densitŷne& measured at the axial midplane.
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higher for higher RMF frequency at a given density is th
the current carrying region is thinner~reducedDr ! and the
FRC is longer.

There are still some discrepancies between the Fig
and Fig. 21 inferences about plasma resistivity. By integ
ing Eq. ~17! over just the outer field lines, the absorb
power per unit length can be written as

Pabs8 5ka

2pr s

Dr
h'S Be

m0
D 2

5ka

p

^b&z
h'S 2Be

m0
D 2

, ~18!

where Dr /r s is related toz by Eq. ~2!. For a rigid rotor
density and current profile over a current sheet widthDr the
factor ka'2 due to current concentration at the higher de
sity. The numerical calculations, even including the inn
field line losses, yield a factor ofka50.5 due to a wider
current carrying profile~Fig. 18!. The experimentally mea
sured profiles~Fig. 16! are wider still and can be represent
by ka'0.35. Using the numerical value, the resistivity i
ferred from the absorbed power is about a factor of 2 hig
for the v50.53106 data than inferred from theg/l51/A2
scaling. This discrepancy could be due to experimental er
in determining the current profile, to axial current dissip
tion, or to the extreme simplification of the analytical mod
However, one would expect the analytic scaling to be c
servative since the RMF must drive current beyond the
tent of the antennas.

In any case, the energy confinement times are typic
only on the order of 30ms. The values of flux confinemen
time given by the rigid rotor formula,tf5r s

2/16D' , are on
the order of 100ms for the typical 100 m2/s diffusivities~125
mV m resistivity!. This value is also consistent with the o
served flux decay rates after the RMF is shut off. Hopefu
the resistivity will decrease to the low values seen for
hotter, higher density translated FRCs in future experime

Since the absorbed power is so high, it is of interes
determine where it is going. Radiative power has been m
sured by a Bolometer viewing across the FRC midplane,
multiplying the result by the ratio of total FRC volume
viewing volume. These results are shown in Fig. 22 a
function ofne

2Ttot . Ttot is the total temperature inferred from
the density and pressure balance, and is assumed to b
most completely electron temperature. For a given den
the radiation power is higher for the higher frequency ca
perhaps due to a more concentrated deposition volume a
higher level of impurities there.

Due to lack of detailed profile measurements of FR
density and~electron/ion! temperatures, we have developed
zero-dimensional~0D! model for global particle and powe
balance. For all the discharges presented in this paper
time scale for changes in the global plasma parameters
as density, power, external fields, etc., during the quasiste
phase of the discharges, are much longer than the energy
flux confinement times. Therefore, the FRCs are sim
treated as steady state in the following analysis. Conduc
losses are neglected due to the low electron temperature
near vacuum separatrix pressure over most of the FRC,
the RMF heating power is assumed to be balanced by
ization ~Pi!, convection~Pconv!, charge exchange~Pcx!, and
radiation~Prad!.
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Pabs5Pi1Pconv1Pcx1Prad. ~19!

Particle loss through the convection channel should
balanced by the rate of ionization since the total parti
inventory is also quasisteady and recombination is only
portant when the electron temperature is below 1 eV. Th
we obtain

Pabs5nennSiV0~« i12.5kTtot!1ninnScxV02.5kTi1Prad.
~20!

nn is the neutral density which exists only in the volum
V05(12(12l0 /r s)

2)VFRC wherel0 is the mean free path
of neutrals before ionization.Si and Scx are the rate coeffi-
cients for ionization and charge exchange, respectively,
« i is the ionization energy~13.6 eV per ionization!. The neu-
tral density,nn , is not measured and is specified as a fr
parameter. In addition, though the total temperatureTtot is
derived from radial pressure balance, no entirely accu
measurements of eitherTe or Ti are presently available. In
the calculation, two cases are considered:~1! Ti50 and~2!
Ti5Te . Power losses in each separate channel can the
identified.

As an example, Fig. 23 shows the calculated pow
losses for a reducedv discharge, assumingTi5Te , along
with the measured RMF heating power and the radiat
power. In order to match the input RMF heating power
neutral densitynn50.06ne has to be assumed in Eq.~20!.
Table I lists the power losses in each channel, together w
the values for the neutral concentrations required to ach
power balance at 800ms of the discharge~pulse 3179!, for
both theTi50 and theTi5Te cases.

The global particle confinement time can be defined

tN5
N

G in2dN/dt
, ~21!

whereN is total number of particles in the confined plasm
volume, andG in5nennSiV0 is the particle influx. For the
steady state FRCs, Eq.~21! can be simply rewritten as

tN51/~nnSi f V!, ~22!

where f V5V0 /VFRC is the fraction of FRC containing neu
trals. Since the RMF drives plasma inward and produce

FIG. 22. Radiative power,Prad versuŝ ne&
2Ttot , with Ttot being the pressure

balance temperature.
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very low separatrix density, the particle loss balancing io
ization presumably comes from the FRC ends, or radia
from the portion outside the RMF antennas. The obser
time independence ofN could be self-regulating due to th
FRC expanding past the RMF antennas until the outflow
balanced the ionization derived inflow.

The calculated values oftN for both the low RMF fre-
quency and the high RMF frequency discharges are show
Fig. 24 based onTi5Te . ~AssumingTi50 leads to some-
what lower confinement times due to a reduction in cha
exchange losses.! It is interesting to note that the particl
confinement time in these low temperature RMF form
FRCs exhibits a similar size scaling, i.e.,tN}xsr s

2, to that
seen in conventional hot FRCs, albeit at a lower abso
value.8

F. Effect of neutrals on ion spin up

In the presence of the RMF, the ions are subject t
frictional drag force applied by the electrons, given by

f su5n'me~v2v i !r ~23!

assuming that electrons rotate synchronously with the R
and the ions have a rotational frequencyv i . The ion spin-up
time is simply

tsu5mivr / f su5~mi /me!n'
21. ~24!

It would take only;100ms for v i to reachv for the present
RMF formed FRCs due to the elevated resistivity~h'

5men' /nee
2;100 mV m andn';503106 s21!. This is,

however, not observed in the experiments.

TABLE I. Inferred powers for the shot shown in Fig. 23 at 800ms.

Pabs

~MW!
Prad

~MW!
Pi

~MW!
Pconv

~MW!
Pcx

~MW! nn /ne

Ti50 3.12 1.4 0.26 1.5 0 0.13
Ti5Te 3.12 1.4 0.15 0.7 0.8 0.06

FIG. 23. Power loss in different channels for a discharge withv50.5
3106 rad/s, Bv575 G, and^ne&'231019 m23, including convection,
ionization, and radiation derived from global power balance for a partic
case assumingTi5Te . The total RMF input power is also shown.
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It has been proposed that cold neutrals provide this sl
ing down action by transferring momentum with the ions.9,10

Assuming a retarding forcef in5n inmiv i due to stationary
neutrals, the resultant ion rotational speed fraction is

a5
v i

v
5S 11

mi

me

n in

n'
D 21

. ~25!

The ion-neutral momentum transfer collision frequency c
be represented by charge exchange,n in5Scxnn , wherenn is
the neutral density, andScx is the rate coefficient for charg
exchange.21

The experimental data, obtained from multichannel Do
pler spectroscopy, are shown in Fig. 25~a! for the discharges
conducted with the RMF operated at bothv50.53106 and
106 rad/s. In Fig. 25~b! are shown the corresponding neutr
concentrations~solid symbols!, derived from global power
balance. It can be seen that the spin-up parametera of the
C11 ions rises as density increases and, indeed, corre
with a decrease in neutral concentration.

The number of neutrals required to slow down the io
can be estimated using Eq.~25!. The calculated result is als
shown in Fig. 25~b! by the open symbols, assumingTi

5Te . This neutral fraction shows a similar decreasing tre
with density as inferred from power balance, but with
much higher magnitude, especially for the higherv, low
density discharges. Measurement of neutral densities is
viously a high priority for RMF operation.

Note that in conventional theta pinch formed FRCs it h
been observed that ions tend to rotate in the ion diamagn
direction, i.e., opposite to the RMF rotational direction. T
mechanisms responsible for this, such as particle loss
end-shorting,17 may also be active in the RMF formed FRC
thus offsetting the ion spin-up rate by the applied RMF.

As can be seen in Fig. 25~a!, the ion spin-up frequency is
higher in the reducedv discharges than for the higherv
experiments, despite the lower drive frequency. This usu
results in development of the standardn52 rotational insta-
bility, while n51 modes have been the predominant instab
ties present in the previous highv discharges. Then52
modes tend to develop in the discharges with a low dens
resulting in a small FRC with short axial length and sm
separatrix radius. This is illustrated in Fig. 26, where oth

FIG. 24. Particle confinement time,tN versusr s
3 based on inferred ioniza-

tion rate, for theTi5Te case.

r
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wise identical discharges, with different puff–fill pressur
are shown. It is interesting to note that similar performanc
achieved in the lower density case despite the strongn52
oscillations. Operation at stronger bias fields compresses
FRCs further away from the wall, making them more pro
to the rotational instabilities. As in the highv discharges, the
rotational modes rotate in the RMF direction with a fr
quency in the range of tens of kHz, similar to the ion ro
tional frequency.

V. SUMMARY AND IMPLICATIONS

FRCs have been sustained in quasi-steady-state fo
first time inside a standard flux conserver. Up to 60 kA
toroidal current has been driven by rotating magnetic fie
These RMF driven FRCs behave in accordance with
simple analytic scaling laws developed in Ref. 7 and furt
expanded upon by the numerical calculations of Ref. 11.
important parameter governing performance is the cross-
resistivity, which is very high~;100 mV m! for the present
low temperature, solely RMF formed FRCs. It is probab
not possible to reach higher temperatures in any high b
plasma by slow formation techniques due to radiation ba
ers at the initial high densities and high-, low-temperat
loss rates. Higher temperature RMF drive experiments
have to wait upon more standard FRC formation method

In accordance with theory, RMF drive causes FRCs
expand and increase in density until the frictional torque d
to electron–ion resistivity equals the RMF imposed torque
the initial bias field inside the flux conserver is chosen in

FIG. 25. ~a! Ratio of the rotation speed of C11 ions, determined from
Doppler shift of CIII line at 464.7 nm, to the RMF rotation velocity,a
5v i /v, and ~b! calculated fraction of neutrals,nn /ne , based on power
balance~solid symbols!, together with the values calculated using Eq.~25!
~open symbols! with an assumption ofTi5Te .
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correct range for the expected resistivity, the FRC separa
radius will expand to large values ofxs[r s /r c since it is this
radial expansion inside a flux conserver that provides
higher axial confinement fields and higher plasma dens
When equilibrium torque balance is reached the RMF w
never penetrate much beyond the axial field null as long
the parameterz, equal to the line current needed to rever
the external field divided by the full possible synchrono
current, is less than unity. Best drive efficiency is achiev
when z is close to unity, and RMF frequencies should
chosen accordingly. Lowz and the resultant edge curre
drive produces pressure profiles inconsistent with FRC a
equilibrium constraints, and leads to unsteady behavior
must surely affect confinement. Higher external fields, a
more energetic FRCs could be sustained, even with
present high resistivities, if the FRC temperature increas
but this has not been possible with moderate power R
formation alone.

For the present experiments, better performance
been achieved by lowering the RMF frequency to increasz.
This allowed higher RMF fields to be produced, resulting
higher densities and external fields, but broughtz back below
0.3. One consequence of reducing the RMF frequency
increasing its strength was thatvci5eBv /mi became com-
parable to the RMF frequency~vci /v50.65 forBv570 G!.
It had been postulated by early developers of fully penetra
RMF drive theory that it was necessary to havevci!v to
avoid also driving a synchronous ion current, but Hoffma22

showed, using particle orbit calculations, that the ions m
only achieve rotational speeds equal to (Bv/2Bz)vci . In any
case, the physics is very different for the partially penetra
RMF that will always occur in flux confined FRCs withz
,1. No particular problems were encountered withvci /v
50.65.

FIG. 26. Evolution of two comparable discharges with different densit
The data shown are the internal~Bint! and external~Be! magnetic fields, the
excluded flux radius~r Df!, and the plasma line averaged density~ ^ne&!.
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As predicted by many researchers, the ions should s
up in the RMF direction due to electron–ion friction. Th
appears inevitable since the RMF applies an actual torqu
the plasma. Either a source of new particles~fueling! or the
presence of a neutral background can absorb this torque
lead to a reduced ion rotational speed. Inferences of neu
density from energy confinement times in the present exp
ments yield neutral fractions in the correct range to limit t
ion rotational velocities to observed values. Most likely c
incidently, these speeds are also roughly in agreement
those predicted from the particle orbit calculations.

Even with partial spin-up the ions are rotating at spe
equal to or greater than their thermal velocities. It is thus
surprising that plasma spin-up is always accompanied
some degree of rotational distortion. At low velocities t
distortion is mostlyn51 ~a wobble! as has been noted i
many theta pinch devices, and is generally nondestructive
higher velocities then52 distortion is dominant, but also
does not result in destruction of the largexs plasmas.

A basic component of the simple theory is that an inwa
flow ~possibly only of electrons! is required to maintain cur
rent on the inner field lines. The conjecture of a total plas
inward v r is supported by the measured higher pressure
the inner flux surfaces. It is not known if this inward flow
sustained by the swirling flow assumed in the numeri
calculations,11 or simply by inflow and ionization of a neutra
background. At the lower densities produced by the highv
drive, the ability to sustain the FRCs for long times w
dependent on the end treatment. In the STX experimen
similar sub 1019 m23 densities it was never possible to mai
tain the FRC flux for the duration of the RMF.5 This may
signify that a significant part of RMF current drive involve
a supply of fueling particles at the edge. It would also a
count for the discrepancy noted between Figs. 14 and
where theg/l51/A2 scaling yields large resistivities at low
density, but the absorbed power appears to be low. The
of an adequate particle supply could be what is limiting lo
density performance, rather than the high resistivity p
dicted by theg/l scaling. The exact mechanism, wheth
edge fueling or swirling flow, has implications for futur
experiments with better particle confinement and hopefu
lower neutral backgrounds.

In any case, at higher densities there will eventually b
need to counter the RMF torque by some means other th
neutral background. Neutral beam injection in the anti- RM
direction can supply this momentum source, and also c.
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tribute to current drive. RMF drive has demonstrated
ability to counter radial particle diffusion and, in conce
with edge NB fueling, could have the additional benefit
reducing conduction losses, especially if the ratioBv ~and
especiallyBr ! to Bz is small. This may be the ideal FRC
sustainment technology, relieving some of the requireme
on RMF power, whatever the actual plasma resistivity. Ho
ever, the next step is to demonstrate RMF current drive
hot, lower resistivity FRCs. This program is currently unde
way in the TCS theta pinch formed and translated FRC p
gram.
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